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(57) ABSTRACT

The invention relates to a varactor with an actuator, wherein
the first actuator surface (2a) of the actuator is embodied on a
substrate (1), and a second actuator surface (25) is embodied
on a first movable membrane (3a). In this context, the first
movable membrane (3a) is arranged above an upper side (1a)
of the substrate (1). A second movable membrane (25) is
arranged below a lower side (15) of the substrate (1) facing
away from the upper side (1a). The invention further relates to
a varactor system made from two such varactors.

19 Claims, 6 Drawing Sheets
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1
VARACTOR AND VARACTOR SYSTEM

FIELD OF THE INVENTION

In high-frequency technology, varactors are used as tun-
able capacitors to vary the properties of circuits. For this
purpose, a variable direct voltage is applied to the varactor,
wherein the varactor behaves like a capacitor with capaci-
tance dependent upon the direct voltage.

Hitherto, semiconductor diodes based on silicon or gal-
lium-arsenide have been used as varactors. Such varactors are
also referred to as varicaps or capacitance diodes.

BACKGROUND OF THE INVENTION

An alternative approach to the manufacture of varactors is
to realise them using micro-system technology, also desig-
nated as Micro-Electro-Mechanical Systems, abbreviated as
MEMS. A MEMS part is a miniaturised part of which the
components provide dimensions in the micrometer range.
The individual components work together as a system.

MEMS-based varactors provide a metallic membrane
which is mounted in a movable manner above an actuator
electrode. If a direct voltage is applied between the actuator
electrode and the metallic membrane, the electrostatic forces
of the actuator cause a displacement of the membrane. A
variation in the potential of the direct voltage changes the
distance between actuator electrode and metallic membrane.
The actuator electrode and the metallic membrane represent a
plate capacitor from which a capacitance value can be tapped.

Because of the variable distance between the membrane
and the actuator, the capacitance value is variable. Such tun-
able capacitors are used, for example, in Voltage Controlled
Oscillators VCO (Voltage Controlled Oscillators) in order to
adjust the oscillation frequency.

Such a varactor is described in WO 2004/038848 A2. In
this context, a movable membrane is arranged between two
substrate layers. A varactor with high-quality and a broad
tuning range can be manufactured through embodiment with
two substrate layers.

MEMS-based varactors provide a high sensitivity to
mechanical vibrations, oscillations and accelerations. As a
result of the mechanical mode of operation, accelerations on
the varactor influence the adjusted capacitance value.
Because of this property, MEMS-varactors are also used as
acceleration sensors.

This sensitivity to acceleration is disadvantageous if the
varactor is supposed to provide an adjustable but constant
capacitance value, for example, for applications in informa-
tion technology and high-frequency technology.

An object of the present invention is therefore to provide a
varactor and a varactor system which provides an adjustable
but stable capacitance value. In particular, the varactor should
be embodied to be resistant to influences based on an accel-
eration of the varactor.

SUMMARY OF THE INVENTION

In particular, the object is achieved by a varactor with an
actuator, wherein a first actuator surface of the actuator is
embodied on a substrate, and a second actuator surface is
embodied on a first movable membrane. The varactor addi-
tionally provides a second movable membrane. The first mov-
able membrane is arranged above an upper side of the sub-
strate. The second movable membrane is arranged below a
lower side of the substrate facing away from the upper side.
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Ifan acceleration force is applied to the varactor according
to the invention, both the first membrane and also the second
membrane move in the same direction. Accordingly, the dis-
tance between the first membrane and the first actuator sur-
face becomes larger, however, the distance between the sec-
ond membrane and the first actuator surface becomes
correspondingly smaller. The capacitance value between the
first movable membrane and the first actuator surface there-
fore does in fact increase. However, the capacitance value
between the second movable membrane and the first actuator
surface is reduced correspondingly.

In this context, the substrate should be provided in the
varactor as a rigid element.

If the capacitance value of the varactor according to the
invention is tapped between the first movable membrane and
the second movable membrane, the tapped capacitance value
of the varactor is constant because the directions of move-
ment of the movable membranes are the same.

Alternatively, a first capacitance value of the varactor
according to the invention is tapped, wherein the first capaci-
tance value is adjusted between the first movable membrane
and the first actuator surface. Furthermore, a second capaci-
tance value of the varactor according to the invention is
tapped, wherein the second capacitance value is adjusted
between the second movable membrane and the first actuator
surface. If the first capacitance value and the second capaci-
tance value are connected in parallel, the resulting total
capacitance value is also constant.

Accordingly, the influence of the force of acceleration
caused by an acceleration of the varactor or mechanical vibra-
tion of the varactor is approximately without influence on the
capacitance value of the varactor according to the invention.

In a first advantageous embodiment, the first actuator sur-
face provides an electrically conducting connection to a first
terminal of a direct-voltage source, and the second actuator
surface provides an electrically conducting connection to a
second terminal of the direct-voltage source. In the direct-
voltage source, an adjustable direct voltage which is set to
form an electrostatic force on the first movable membrane and
on the second movable membrane is applied.

Accordingly, the capacitance value of the varactor accord-
ing to the invention, which is stable with regard to accelera-
tions, is advantageously made to be adjustable by means of a
voltage. Such a varactor can thus be used as a tunable capaci-
tor.

By preference, the first movable membrane provides a first
capacitor surface, and the second movable membrane pro-
vides a second capacitor surface. Accordingly, a variable
capacitor is achieved, which is particularly resistant to accel-
eration.

In a preferred embodiment, the first actuator surface on the
substrate is also a third capacitor surface. In this manner, the
substrate can comprise a metal layer over its full surface area
and can be manufactured in a correspondingly cost-favour-
able manner. Through this third capacitor surface in the var-
actor according to the invention, a first capacitance value,
formed by the third capacitor surface on the substrate and the
first movable membrane, can be tapped. Furthermore, a sec-
ond capacitance value, formed by the third capacitor surface
and the second movable membrane, can be tapped in the
varactor according to the invention. The third capacitor sur-
face then forms a first varactor terminal. The first capacitor
surface and the second capacitor surface together form a
second varactor terminal. The varactor according to the
invention obtained in this manner then provides a total capaci-
tance value which is obtained from the parallel connection of
the first capacitance value to the second capacitance value.
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This total capacitance value is insensitive to the effect of an
acceleration since the total capacitance is formed from the
sum of the first—increasing—capacitance value and the sec-
ond—decreasing—capacitance value. The difference
between the changes of the capacitance values and the accel-
eration is approximately zero so that the resulting total
capacitance value remains constant.

The substrate preferably provides a third varactor terminal
in order to achieve a parallel connection of the first capaci-
tance value to the second capacitance value.

In particular, the first membrane and the second membrane
are formed from an electrically insulating material. This insu-
lation achieves a decoupling between the capacitor surfaces
and the actuator surfaces on the movable membrane. In par-
ticular, interference voltages on the direct voltage cannot
therefore be coupled onto the capacitor surfaces of the mov-
able membranes. A switching circuit which is connected to
the varactor according to the invention is therefore decoupled
from the interference voltages of the direct voltage. The var-
actor is therefore less sensitive to interference.

In a preferred embodiment, the substrate provides a third
capacitor surface distanced from the actuator surface. In this
context, the substrate is also manufactured from an electri-
cally insulating material in order to achieve a decoupling
between first actuator surface and third capacitor surface. The
third capacitor surface in this context is preferably embodied
on both sides of the substrate, wherein the third capacitor
surface can physically comprise two surfaces, but should be
regarded electrically as a common capacitor surface. For this
purpose, the substrate is preferably provided with a through-
contact, in order to connect the third capacitor surface embod-
ied on both sides electrically to one another.

In a preferred embodiment, both a capacitor surface and
also a second actuator surface are embodied on the respective
membrane. The capacitor surface is embodied distanced from
the actuator surface. In this manner, a varactor is manufac-
tured in which the change in the direct voltage provide greater
or smaller changes on the resulting capacitance value of the
varactor according to the invention. Accordingly, either a
substantially larger tuning range of the varactor is obtained, or
the capacitance value of the varactor according to the inven-
tion can be adjusted substantially more finely, which is des-
ignated in the following as a reduced tuning gradient.

In a preferred embodiment, the first membrane and the
second membrane are mounted clamped by a fixing at the end
of the respective membrane. With this embodiment, the
spring constant of the movable membrane influences the tun-
ing range and the adjustment behaviour of the varactor to a
high degree.

In particular, the distance between the second actuator
surface and the fixing of the respective membrane is smaller
than the distance between the capacitor surface and the fixing
of the membrane. In this manner, a translation is achieved
between the electrostatic force on the actuator surfaces and
the resulting capacitance value on the capacitor surfaces. The
varactor can therefore be tuned within a relatively large
capacitance range.

Alternatively, the distance between the second actuator
surface and the fixing is greater than the distance between the
capacitor surface and the fixing. As a result of this embodi-
ment, the varactor advantageously provides a substantially
reduced tuning gradient.

In an alternative embodiment, the first membrane and the
second membrane are mounted clamped in the centre of the
membrane by a fixing. Accordingly, the influence of an elec-
trostatic force on the actuator surfaces, which are preferably
disposed on one side of the fixing, is opposed to the resulting
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capacitance value of the varactor which is tapped on the
capacitor surfaces, which are arranged on a side of the fixing
disposed opposite to the actuator surfaces. A varactor of
which the capacitance value becomes reciprocally smaller
relative to a corresponding increase in the potential of the
direct voltage is thus obtained.

In an alternative embodiment, the first membrane and the
second membrane are each mounted clamped by a fixing at
both ends of the respective membrane. Through the fixing of
both ends, the spring constant of the membrane is increased,
so that the influence of an acceleration acting on the mem-
brane from the outside is reduced. A relatively larger spring
constant of the membrane is obtained. A construction of this
kind is therefore resistant to acceleration. In order to increase
the effect of the electrostatic force, such a varactor can pro-
vide at least two actuator surfaces on every membrane. The
number of actuator surfaces is a parameter for the adjustment
of the membrane deflection.

In a preferred embodiment, the membranes mounted in a
clamped manner are tapered in the region of their fixing. The
reduced spring constant of the membrane obtained in this
manner leads to a relatively larger deflection of the membrane
upon the application of a direct voltage by comparison with a
membrane without tapering. The tuning range of the varactor
is therefore increased.

In a preferred embodiment, the distance between the
capacitor surface to the substrate is less than the distance
between the second actuator surface and the substrate. A
relatively greater tuning range of the varactor is therefore
obtained.

As an alternative, the distance between the capacitor sur-
face and the substrate is greater than the distance between the
second actuator surface and the substrate. A varactor which is
tunable with a relatively greater accuracy is obtained in this
manner.

In a preferred embodiment, the spring constant of the first
movable membrane is different from the second movable
membrane. This is conceivable, for example, in the case of the
full integration of the varactor, if the layers to be used as
movable membranes provide different layer thicknesses
because of their structure. This achieves different moments of
inertia of area, which can be compensated by direct voltages
of different magnitude or exploited in a targeted manner for
the tuning of the varactor.

Alternatively or additionally, a width of the first movable
membrane is different from the width of the second movable
membrane. Accordingly, specified, different layer thick-
nesses between the substrate and the respective membrane
can be compensated on the basis of the structure, or a delib-
erate tuning can be achieved through the resulting different
spring constants, which lead to different moments of inertia
of area for the respective membrane.

The varactor according to the invention is preferably
arranged as a discrete element on a printed-circuit board. In
this context, the printed-circuit board should be regarded as
the substrate described so that, in each case, a movable mem-
brane is arranged above and below the substrate as a discrete
structural element, and the resulting total capacitance of the
varactor is either tapped exclusively from the membranes or is
alternatively obtained through parallel connections of the
individual capacitance values to form the total capacitance.

Alternatively, the varactor according to the invention is
introduced into an integrated switching circuit as a fully inte-
grated structural element. In this context, the movable mem-
branes are embodied in aluminium, bulk silicon, silicon diox-
ide and/or an alternative material from semiconductor
technology.
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By preference, the distance between the first movable
membrane and the substrate and the distance of the second
movable membrane and the substrate from a fixing are adjust-
able in a manufacturing step of the varactor according to the
invention. Accordingly, a spring constant of the second mem-
brane different from the spring constant of the first membrane
can be simply compensated. For example, the different spring
constants arise with the use of different materials for the
membranes and/or different membrane thicknesses.

Alternatively, the distance between the first movable mem-
brane and the substrate differs from the distance of the second
movable membrane and the substrate. The difference can be
given through a specification of the printed-circuit board
structure or of the construction of an integrated semiconduc-
tor structure. Different materials of the membranes, a taper-
ing/strengthening of the membranes and/or a use of different
direct voltages for adjusting the respective capacitance value
are used according to the invention to compensate the result-
ing distances.

The idea of the invention also includes a varactor system
with at least two varactors according to the invention, wherein
these varactors are connected in parallel.

Manufacturing tolerances in the manufacture of the varac-
tors cannot be excluded, so that the form of the two mem-
branes of the varactor can be embodied with minimal differ-
ences. The influence of an acceleration is therefore not
completely compensated. Through parallel connection of a
plurality of varactors, manufacturing tolerances of the varac-
tors are averaged out. With a varactor system of this kind, the
capacitance noise of the individual varactors is additionally
reduced because of the Brownian motion of the gas mol-
ecules. In this context, a large scattering of the capacitance
value through parallel connection of a plurality of the varac-
tors according to the invention is compensated according to
the invention.

The parallel connection of varactors according to the
invention is proposed as an alternative, wherein the varactors
used provide approximately identical capacitance values and
accordingly small manufacturing tolerances. The adjustable
total capacitance value of the varactor can therefore be small.
A resistance to acceleration is thus achieved even with a few
varactors.

In the following, the invention respectively other embodi-
ments and advantages of the invention will be explained in
greater detail on the basis of the drawings, wherein the draw-
ings describe only exemplary embodiments of the invention.
Identical components in the drawings are provided with iden-
tical reference numbers. The drawings should not be regarded
as true to scale, individual elements of the drawings may be
illustrated in an exaggerated scale respectively with exagger-
ated simplification.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be understood and appreciated
more fully from the following detailed description taken in
conjunction with the drawings in which:

FIG. 1 a MEMS-based varactor according to the prior art;

FIG. 2a-2¢ an exemplary embodiment of a varactor accord-
ing to the invention;

FIG. 3a-3b a further development of the varactor according
to the invention illustrated in FIG. 2;

FIG. 4 an alternative embodiment of a varactor according
to the invention to that shown in FIG. 3;

FIG. 5a-5b a second further development of the varactor
according to the invention illustrated in FIG. 2;
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FIG. 6a-6b a third further development of the varactor
according to the invention illustrated in FIG. 2;

FIG. 7a-7b a fourth further development of the varactor
according to the invention illustrated in FIG. 2;

FIG. 8a-8b a fifth further development of the varactor
according to the invention illustrated in FIG. 2;

FIG. 9a-9b a sixth further development of the varactor
according to the invention illustrated in FIG. 2;

FIG. 10a-105 a seventh further development of the varactor
according to the invention illustrated in FIG. 2;

FIG. 11a-11c an eighth further development of the varactor
according to the invention illustrated in FIG. 2;

FIG. 12a-12b a ninth further development of the varactor
according to the invention illustrated in FIG. 2;

FIG. 13 atenth further development of the varactor accord-
ing to the invention illustrated in FIG. 2;

FIG. 14 an exemplary embodiment of the varactor system
according to the invention.

DETAILED DESCRIPTION OF EMBODIMENTS

FIG. 1 shows a varactor according to the prior art. This
varactor is manufactured using MEMS technology. The var-
actor provides a substrate 1 on which at least one first actuator
surface 2a is embodied. A movable membrane 3 is arranged
above the substrate 1. The membrane 3 is embodied to be
electrically conductive.

The functioning of the varactor according to FIG. 1 will
now be described. The actuator surface 2a on the substrate 1
is connected in an electrically conducting manner to a first
terminal 4a of a direct-voltage source 4. The membrane 3 is
connected in an electrically conducting manner to a second
terminal 45 of the direct-voltage source 4. Accordingly, the
movable membrane 3 is a second actuator surface 26. By
applying the direct voltage by means of the direct-voltage
source 4, an electrostatic force 20 is formed between the first
actuator surface 2a and the second actuator surface 2b.
Because of the spring constant of the material of the movable
membrane 3, the movable membrane 3 is positioned by the
direct voltage at a certain distance above the substrate 1. An
equilibrium is established between electrostatic force and
opposing spring constant. Since both the actuator surface 2a
and the membrane 3 are embodied to be electrically conduct-
ing, the moving membrane 3 and the first actuator surface 2a
each represent a capacitor surface 5. A varactor is thus
obtained through the adjustable direct-voltage source 4. The
capacitor surfaces 5 are connected in an electrically conduct-
ing manner to an electrical circuit 6.

Now, if a force 7 acting from the outside is exerted on the
varactor, for example, through acceleration, this force 7 either
acts against the electrostatic force 20 or amplifies the latter.
Accordingly, the adjusted equilibrium of electrostatic force
through the direct voltage 4 and the spring constant of the
movable membrane 3 is disturbed. As a result, the distance
between the electrical membrane 3 and the first actuator sur-
face 2a varies independently of the direct voltage applied
from the direct-voltage source 4. During the action of the
force 7 acting from the outside, a new, temporary equilibrium
is established, wherein the deflection of the movable mem-
brane 3 now depends upon the spring constant of the movable
membrane 3, the electrostatic force of the direct voltage 4 and
the force 7 acting from the outside. If the force 7 acting from
the outside no longer acts on the varactor, the original equi-
librium of electrostatic force and spring constant is restored.
The effect of such external forces 7 which are achieved espe-
cially through an acceleration of the varactor or mechanical
vibrations is to change the capacitance value of the varactor
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because of the change in the deflection of the movable mem-
brane. This influence of the acceleration on a varactor is
undesirable according to the invention.

The following FIGS. 2 to 13 show exemplary embodiments
of a varactor in which the undesired influence of an accelera-
tion force 7 on the varactor is compensated.

FIG. 2a to FIG. 2¢ show a first exemplary embodiment of
a varactor according to the invention, wherein FIG. 24 and
FIG. 2¢ show different resulting equivalent-circuit diagrams
of the varactor illustrated in FIG. 2a. In FIG. 24, a substrate 1
provides a first upper side 1a and a lower side 15 facing away
from the upper side 1a. A first actuator surface 2a is embodied
on the substrate 1. The first actuator surface 24, in this con-
text, can be embodied both on the upper side 1a and also on
the lower side 15 of the substrate. Alternatively, the first
actuator surface 2a can be a metallised region of the substrate
1, as shown in FIG. 2a.

A first movable membrane 3q is arranged above the upper
side 1a of the substrate 1. A second movable membrane 35 is
arranged below the lower side 15 of the substrate. In FIG. 2a,
the first movable membrane 3a and the second movable mem-
brane 35 are embodied in an electrically conducting manner.
The first movable membrane 3a is a first capacitor surface 5a
and a second actuator surface 2. The second movable mem-
brane 34 is a second capacitor surface 5b and a second actua-
tor surface 25. The first actuator surface 2a is connected in an
electrically conducting manner to a first terminal 4a of a
direct-voltage source 4. The second actuator surface 256 of the
first membrane 3q and also of the second movable membrane
354 is connected in an electrically conducting manner to a
second terminal 45 of the direct-voltage source 4. The first
movable membrane 3a forms a first capacitor surface 5a. The
second movable membrane 35 forms a second capacitor sur-
face 5b. In this context, the first actuator surface 2a is a third
capacitor surface Sc.

The first capacitor surface 5a forms a first tunable capacitor
with the first actuator surface 2a respectively the third capaci-
tor surface 5¢. The second capacitor surface 56 forms a sec-
ond tunable capacitor with the first actuator surface 2a respec-
tively the third capacitor surface 5¢. The first capacitor
surface 5q, the second capacitor surface 56 and the third
capacitor surface 5¢ are connected in each case to an electrical
circuit 6. The tapped varactor is accordingly either a parallel
circuit of the first and of the second tunable capacitor or, in the
case of'a non-use of the third capacitor surface 5¢ in the circuit
6, a varactor formed by the first movable membrane 3a and
the second movable membrane 35.

In the following, the functioning of the varactor according
to the invention as shown in FIG. 2a will be described. By
applying a direct voltage by means of the direct-voltage
source 4, a first actuator is obtained above the substrate 1 of
which the electrostatic force 20 acts above the substrate 1.
Furthermore, a second actuator of which the electrostatic
force 20 acts below the substrate 1 is obtained. The electro-
static force 20 on the upper side 1a and on the lower side 15
is regarded as identical in this exemplary embodiment. The
electrostatic force 20 can be varied via the voltage level of the
direct voltage 4.

The varactor to be applied to the circuit 6 is adjustable
exclusively via the movable first membrane 3a and the mov-
able second membrane 3b. This means that the substrate 1 of
the varactor is rigid. The consequence of a force 7 acting on
the varactor from the outside is that both the upper actuator
and also the lower actuator are influenced.

If the spring constants of the membranes 3a and 35 are of
the same magnitude, both membranes 3a and 35 move in the
same direction subject to the influence of the acceleration
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force 7. This effect is now exploited in an alternative manner
which will be explained with reference to FIG. 25 and FIG.
2c.

According to FIG. 25, the first capacitor surface 5q, the
second capacitor surface 56 and also the third capacitor sur-
face 5¢ are used for the circuit 6. In this context, the third
capacitor surface 5¢ forms a first varactor terminal. The first
capacitor surface Sa and the second capacitor surface 54 form
a second varactor terminal of the varactor according to the
invention. Accordingly, a parallel circuit is formed from the
two individual capacitors. The resulting total capacitance of
the varactor for the circuit 6 does not therefore vary, since the
capacitance value of parallel-connected capacitors is always
the sum of the individual capacitors. An enlargement of the
first capacitance value (upper actuator) and simultaneous
reduction of the second capacitance value (lower actuator)
leads to acceleration-resistant sum of both partial capaci-
tances of the varactor. Accordingly, the force 7 acting from
the outside is without influence on the varactor capacitance.
However, the adjustability of the varactor-capacitance value
by the direct voltage 4 is still given.

According to FIG. 2¢, the circuit 6 is connected in an
alternative manner. The third capacitor surface 5c¢ in this
context is not used in the circuit 6. Instead, the first capacitor
surface 5a forms the first varactor terminal, and the second
capacitor surface 56 forms the second varactor terminal. The
adjustable capacitor is accordingly formed by the first capaci-
tor surface 5a and the second capacitor surface 54. In this
context, the common capacitor surface of the two individual
capacitors can be seen in one variant, thereby providing a
series circuit of two individual capacitors. Alternatively, the
substrate 1 could also act as an additional dielectric. Since
both the first capacitor surface Sa and also the second capaci-
tor surface 56 moves in the same direction subject to the
action of the force 7 on the varactor, the resulting capacitor
does not vary, thereby also obtaining a varactor resistant to
acceleration.

In FIGS. 3 to 11, further developments of the varactor
according to the invention as specified in FIG. 2 are presented
in a simplified manner by way of explanation of the principle.
In this context, FIGS. 3 to 12 each provide two viewing
perspectives, wherein FIGS. 3a, 4, 5a, 64, 7a, 8a, 9a, 10a,
11a, 11c and 12a each present the cross-section of the varac-
tor according to the invention, and FIGS. 35, 55, 65, 75, 85,
9b,105,115 and 125 each present a plan view of the varactor
according to the invention. The formation of the first mem-
brane 3a illustrated in FIGS. 34, 5b, 65, 7b, 8b, 9b, 105, 115
and 125 is identical to the formation of the second membrane
35 which is not illustrated.

The terminals 4a and 45 of the direct-voltage source 4 and
the taps for the electrical circuit 6 correspond to the two
alternative embodiments specified in FIG. 25 and FIG. 2¢. In
this context, the first movable membrane 3a and the second
movable membrane 35 in FIGS. 3 to 11 are either made from
an electrically insulating material in order to decouple the
direct voltage of the direct-voltage source 4 from the electri-
cal circuit 6 or made from an electrically conducting material,
wherein the decoupling between the direct voltage from the
electrical circuit 6 should be implemented in an alternative
manner. To avoid repetition, only the differences between the
individual FIGS. 2 to 11 will be described.

In FIG. 3a, the first movable membrane 3a is embodied at
one end with a fixing 30. Respectively, the second movable
membrane 34 is connected to the fixing 30. The ends of the
movable membranes 3a and 35 disposed opposite to the fix-
ing 30 oscillate freely. Each of the movable membranes 3a
and 3b provides a second actuator surface 26 and a capacitor
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surface 5a respectively 56. The substrate 1 provides the first
actuator surface 2a. The control of the varactor is imple-
mented as specified in FIG. 2¢, so that the capacitor surface 5¢
need not be embodied on a substrate.

It is evident from FIG. 35 that the second actuator surface
2bis arranged at a distance 13 from the fixing 30. The capaci-
tor surface 5a is arranged at a distance 12 from the fixing 30
on the respective movable membrane 3a or 35. According to
FIGS. 3a and 35, the distance 13 is shorter than the distance
12. The second actuator surface 25 is disposed at the distance
8 from the respective capacitor surface 5a or 5b.

The construction according to FIGS. 3a and 35 achieves a
translation relationship between the electrostatic force 20 of
the actuator and the resulting capacitance value of the varac-
tor according to the invention. Accordingly, in the case of
controlling of the actuator surfaces 2a, 26 by means of the
direct voltage 4, a relatively larger tuning range of the capaci-
tance value for the varactor is obtained than in the case of a
comparable direct-voltage control as shown in FIG. 2.

FIG. 4 describes an alternative embodiment of the varactor
according to the invention to FIG. 3. The only difference from
FIG. 3 is that the substrate provides a third capacitor surface
5¢. The control of the varactor is implemented according to
FIG. 25, so that a parallel connection of the individual capaci-
tors in the circuit 6 is implemented.

The third capacitor surface 5c¢ in this context is embodied
on the upper side 1a and the lower side 15 on the substrate and
connected to the electrical link by means of a through-con-
tact. Alternatively, the third capacitor surface 5¢ is embodied
as a one-piece element in a similar manner to FIG. 2.

In the further development shown in FIG. 54 and FIG. 55,
by way of difference from the exemplary embodiment
according to FIG. 3a and FIG. 34, the actuator surface 25 is
exchanged with the capacitor surface 5a, so that the distance
13 is larger than the distance 12. Through this exchange, a
varactor is obtained which can be more finely tuned, since a
change in the electrostatic force 20 caused by the direct volt-
age 4 has a relatively smaller influence on the movable mem-
branes 3a and 35 than a comparable direct voltage in the
exemplary embodiment according to FIG. 2 or FIG. 3a
respectively FIG. 3b.

The exemplary embodiment of FIG. 5a and FIG. 56 shows
a further difference from the exemplary embodiment in FIG.
2 and FIG. 3a respectively FIG. 36. The distance 10 between
the first capacitor surface 5a and the substrate 1 is smaller
than the distance 11 between the second actuator surface 25
and the substrate 1. Respectively, the distance 10 between the
second capacitor surface 56 and the substrate 1 is less than the
distance 11 between the second actuator surface 256 and the
substrate 1. This different distance leads to a relatively larger
tuning range of the resulting varactor by comparison with a
varactor according to FIG. 2 or FIG. 3a respectively FIG. 35.

In the further development according to FIG. 6a and FIG.
6b, by way of difference from the exemplary embodiment
according to FIG. 54 and FIG. 54, the distance of the second
actuator surface 26 from the fixing 30 is smaller than the
distance 12 of the respective capacitor surface Sa and 56 from
the fixing 30. Additionally, the distance 11 between the sec-
ond actuator surface 25 and the substrate 1 is smaller than the
distance between the respective capacitor surface 5a, 56 and
the substrate 1.

With the presentation of a varactor as shown in FIG. 6a and
FIG. 65, the adjusted direct voltage of the direct-voltage
source 4 can be substantially reduced for tuning and adjust-
ment of the resulting capacitance of the varactor. Alterna-
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tively, with the application of a direct voltage comparable to
FIG. 2, a relatively finer tuning range of the varactor is
obtained.

The exemplary embodiment of FIG. 6a and FIG. 65 shows
afurther difference from the exemplary embodiments accord-
ing to FIG. 2 to FIG. 5. In FIG. 64 and FIG. 64, both the first
movable membrane 3a and also the second movable mem-
brane 3b are tapered in the region 14 in the proximity of the
fixing 30. Through this tapering 14, the spring constant of the
membranes 3a and 35 is reduced, thereby substantially
increasing the influence of the direct voltage of the direct-
voltage source 4. Accordingly, either the level of the direct
voltage can be strongly reduced, or the tuning range of the
varactor can be strongly increased. Alternatively, a strength-
ening both of the first movable membrane 3a and also of the
second movable membrane 35 can the implemented in order
to achieve an increased spring constant. As a result, the influ-
ence of the direct voltage of the direct-voltage source 4 is
substantially reduced. Accordingly, either the level of the
direct voltage is strongly increased, or the tuning range of the
varactor is strongly reduced.

Furthermore, third capacitor surfaces 5¢ are embodied both
on the upper side 1a and also on the lower side 15 of the
substrate 1. The control of the resulting varactor is imple-
mented according to FIG. 25, so that a parallel connection of
the individual capacitors is implemented in the circuit 6.

As an alternative which is not illustrated here, the third
capacitor surfaces 5¢ are not embodied on the substrate 1, so
that a controlling of the varactor according to the embodiment
takes place according to FIG. 2c.

In the exemplary embodiment shown in FIG. 7a and FIG.
7b, by way of difference from the exemplary embodiment of
FIG. 6a and FIG. 65, the second actuator surface 25 is
exchanged with the respective capacitor surface 5a or 56 on
the respective membrane 3a or 35. Additionally, a tapering 14
of'the membranes 3a and 35 is also provided in the region of
the fixing, by means of which the tuning voltage can be
reduced. By way of difference from the exemplary embodi-
ment of FIG. 6a and FIG. 64, the resulting varactor according
to FIG. 7a and FIG. 7b is adjustable over a larger capture
range.

Furthermore, third capacitor surfaces 5¢ are embodied both
on the upper side 1a and also on the lower side 15 of the
substrate 1. The control of the resulting varactor takes place as
shown in FIG. 24, so that a parallel connection of the indi-
vidual capacitors is implemented in the circuit 6.

As an alternative which is not illustrated, the third capacitor
surfaces 5¢ are not embodied on the substrate 1, so that a
control of the varactor is implemented according to the delib-
erations relating to FIG. 2¢.

The different distances of the individual surfaces from the
substrate 1 in FIGS. 54, 6a and 7a are obtained in particular
through a spacing element 9 on the respective membrane 3a
or 3b. As an alternative which is not illustrated here, the
spacing element 9 is embodied on the substrate 1.

FIGS. 8a to 105 describe an alternative embodiment of the
varactor according to the invention to that shown in FIGS. 3a
to 7b. The substantial difference is the fixing 30 both of the
first movable membrane 3a and also of the second movable
membrane 3b at both ends of the membranes 3¢ and 35. The
influences of acceleration are further reduced, since no freely
oscillating end of the membranes 3a and 35 is present because
of the fixing at both ends, and the spring constant of the
movable membranes 3a and 35 is increased.

The exemplary embodiment according to FIG. 8a and F1G.
8b shows that, in each case, two second actuator surfaces 25
are arranged on both the first movable membrane 3a and also
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on the second movable membrane 35. In this manner, the
respective membranes 3a and 35 bulge when the direct volt-
age is applied. The first capacitor surface Sa respectively the
second capacitor surface 55 arranged between the two second
actuator surfaces 2b is then distanced from the substrate 1 by
the application of the direct voltage corresponding to the level
of the direct voltage.

In a similar manner, third capacitor surfaces 5¢ are embod-
ied both on the upper side 1a and also on the lower side 15 of
the substrate 1. The control of the resulting varactor takes
place as shown in FIG. 25, so that a parallel connection of the
individual capacitors is implemented in the circuit 6.

As an alternative which is not illustrated, the third capacitor
surfaces 5c¢ are not embodied on the substrate 1, so that a
control of the varactor takes place according to the delibera-
tions relating to FIG. 2c.

FIG. 9a and FIG. 95 show a distance 10, comparable with
that shown in FIG. 5a and FIG. 7a, between the first capacitor
surface 5a and the substrate 1 which is relatively smaller than
the distance 11 between the second actuator surface 26 and
the substrate 1. In this manner, a relatively greater tunability
of the resulting varactor is achieved.

According to FIG. 94, no third capacitor surfaces 5c¢ are
embodied on the substrate 1, so that a control of the varactor
is implemented according to the deliberations relating to FIG.
2c.

As an alternative which is not illustrated, third capacitor
surfaces 5¢ are embodied both on the upper side 1a and also
on the lower side 15 of the substrate 1. The control of the
resulting varactor is then implemented as shown in FIG. 25,
so that a parallel connection of the individual capacitors is
implemented in the circuit 6.

FIG. 10a and FIG. 105 shows a tapering 14 of the first
movable membrane 3q and the second movable membrane 35
comparable to FIG. 65 and F1G. 75. This tapering 14 reduces
the spring constant of the respective membrane 3a and 35, so
that a larger capture range of the resulting varactor is
achieved, or a relatively smaller direct voltage from the
direct-voltage source 4 can be applied in order to obtain the
same deflections of the movable membranes 3qa, 35.

FIG. 11a, FIG. 116 and FIG. 11c¢ show an alternative
embodiment of the varactor according to the invention to
FIGS. 3 to 7 and FIGS. 8 to 10. In this context, the fixing 30
in FIG. 11a to FIG. 11c¢ is arranged in the centre of the
respective membrane 3qa, 3b. Accordingly, in FIG. 115, the
fixing 30 is arranged between the first capacitor surface 5a
and the second actuator surface 26 on the first membrane 3a.
Respectively, the fixing 30 is arranged between the second
capacitor surface 56 and the second actuator surface 25 on the
second membrane 35.

Inthis context, in a first alternative, the distance 12 between
the first capacitor surface 5a and the fixing 30 is identical to
the distance 13 between the second actuator surface 26 and
the fixing 30. A reciprocal behaviour between tuning voltage
applied and varactor capacitance is achieved with a varactor
embodied in this manner. In a second alternative, a translation
relationship between the electrostatic force 20 and the result-
ing capacitance value of the varactor can be adjusted by
varying the distances 12 and 13.

No third capacitance surfaces 5¢ are embodied in FIG. 11a,
so that a control of the resulting varactor is implemented as
shown in FIG. 2¢.

According to FIG. 11¢, by contrast with FIG. 114, third
capacitor surfaces 5c¢ are embodied on the side of the first
capacitor surface Sa and the second capacitor surface 55, both
on the upper side 1a and also on the lower side 15 of the
substrate 1. The control of the resulting varactor takes place as

20

25

30

35

40

45

50

12

shown in FIG. 24, so that a parallel connection of the indi-
vidual capacitors is implemented in the circuit 6.

FIGS. 124 and 124 show a further development of the
varactor according to the invention presented in FIG. 11a to
FIG. 11c. Inthis context, FIG. 12a shows a cross-section, and
FIG. 125 shows a plan view of the varactor according to the
invention. By contrast with FIG. 11, the fixing 30 shown in
FIG. 12 is not embodied between the substrate 1 and the
respective movable membrane 3a, 3b. As an alternative, the
fixing 30 in FIG. 12 is embodied on a plane with the respec-
tive membrane 3a, 3b. The respective membrane 3a, 35 is
arranged in a movable manner via torsion springs 31. With the
embodiment of the fixing 30 on the same plane as the mem-
brane 3qa, 35, a full-surface plane can be used with corre-
sponding recesses and metallisations without the need for an
additional fixing 30 between substrate 1 and membrane 3.
With the application of a direct voltage to the actuator sur-
faces 2a, 25, an electrostatic force acts on the torsion spring
31, so that the latter causes a reciprocal deflection because of
the reduced width. In this context, the width of the torsion
spring 31 adjusts the resulting spring constant which acts
against the electrostatic force.

FIG. 13 shows an alternative exemplary embodiment of a
varactor according to the invention. By way difference from
the preceding Figs., the distance d1 between substrate 1 and
the first movable membrane 3a is greater than the distance d2
between substrate 1 and second movable membrane 3.

This difference in distance is based, in particular, upon a
specified layer sequence of a printed circuit board or a speci-
fied arrangement of layers and their layer thicknesses in the
case of an integrated semiconductor structure. These different
distances d1 and d2 must be compensated so that the first
capacitance value based upon the capacitor between the sub-
strate 1 and the first movable membrane 3a is of the same
magnitude as the second capacitance value based on the
capacitor between the substrate 1 and the second movable
membrane 35.

This compensation of the difference in distance is imple-
mented, in particular, through the use of different materials or
different thicknesses for the first movable membrane 3a and
the second movable membrane 3b. The different spring con-
stant of the membranes 3a and 34 resulting in this manner
then generate different deflections of the membrane 3a by
comparison with the membrane 36 when the direct-voltage
source 4 is applied.

Alternatively, the compensation of the difference in dis-
tance is implemented through the tapering 14 respectively
strengthening of'the first movable membrane 3a or the second
movable membrane 35 corresponding to the exemplary
embodiment shown in FIG. 6 and FIG. 10. The resulting
different spring constant of the membranes 3a and 35 then
generate different deflections of the membrane 3a by com-
parison with the membrane 35 when the direct-voltage source
4 is applied.

Alternatively, the compensation of the difference in dis-
tance is implemented by applying different direct-voltage
levels between the first movable membrane 3a and the sub-
strate 1 respectively the second movable membrane 35 and
the substrate 1. The resulting different deflections of the
membranes 3a and 35 then generate different partial capaci-
tance values.

Conversely, the use of different materials for the first mov-
able membrane 34 and the second movable membrane 35 can
cause the distances d1 and d2 to be embodied differently. An
adjustability of the distances d1 and d2 in order to compensate
a different property of the membranes 3a and 35, for example,
through the use of different materials or embodiments of the



US 9,299,499 B2

13

membranes with different membrane thicknesses, is there-
fore also contained within the idea of the invention.

As an alternative which is not illustrated, the first capacitor
surface 5a can be embodied to be different in size from the
second capacitor surface 5b. Because of the different areas of
the resulting plate capacitors, different partial capacitances
are obtained. Accordingly, different spring constants of the
movable membranes 3a, 35 can be compensated or a targeted
tuning of the varactor according to the invention can be
achieved. Alternatively or additionally, the actuator surfaces
2b on the respective movable membrane 3a or 35 can be
embodied with a different size.

The varactor according to the invention shown in FIG. 13 is
embodied as shown in FIG. 3 to FIG. 7 with only one fixing 30
at the edge. A construction of the varactor according to FIG.
810 FIG.100rFIG. 11 and FIG. 12 with different distances d1
and d2 is also included in the idea of the invention.

FIG. 14 illustrates a varactor system according to the
invention. In this context, a plurality of varactors 16 of the
type already described here is arranged on a printed circuit
board 15. The arrangement of the varactors 16 on the printed
circuit board 15 is arbitrary. In particular, the varactors 16 are
arranged arbitrarily over the entire area of the printed circuit
board 15. All of the varactors 16 are connected in parallel.

However, as a result of manufacturing tolerances of the
varactors 16 according to the invention, it is difficult to intro-
duce two identical movable membranes 3a and 35 into a
varactor 16. Accordingly, the resulting averaging of the error
capacitance in the case of an acceleration of the varactor is not
fully compensated. In order to minimise the error in the case
of an acceleration of the varactor which occurs as a result of
manufacturing tolerances, at least two varactors are con-
nected in parallel in order to achieve a further reduction in the
acceleration error. This error reduction is particularly effec-
tive in the case of a parallel connection of a plurality of
varactors, since the error of the individual varactors 16 is
averaged out.

The construction according to FIG. 14 also additionally
reduces the capacitance noise of the varactors 16. The varac-
tors 16 are generally operated in a gaseous environment. The
gas particles perform Brownian molecular movements
dependent upon pressure, type of gas and temperature. In the
case of a MEMS-based varactor 16, this means that the gas
particles strike the membrane 3 of the varactor 16 and accord-
ingly add a noise to the capacitance. As a result of the parallel
connection of several varactors 16, the gas particles strike the
individual membranes in an un-correlated manner thereby
averaging out the influence of the gas particles.

The varactors can be applied to a printed circuit board 15
either discretely or they are integrated within a semiconductor
circuit.

The varactors of the invention described here can be used in
particular in the case of integrated VCOs, tunable frequency
filters, phase shifters, and similar. In this context, the VCO
can be operated from a few kHz up to 2-digit GHz ranges. The
susceptibility by comparison with microphony is consider-
ably improved by the varactor according to the invention. The
direct-voltage source 4 typically provides a range from O to 40
V.

Within the scope of the invention, all of the elements
described and/or illustrated and/or claimed can be combined
arbitrarily with one another.

While several illustrative embodiments of the invention
have been shown and described, numerous variations and
alternative embodiments will occur to those skilled in the art.
Such variations and alternative embodiments are contem-
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plated, and can be made without departing from the scope of
the invention as defined in the appended claims.

I claim:

1. A varactor with an actuator, wherein a first actuator
surface of the actuator is embodied on a substrate, and a
second actuator surface is embodied on a first movable mem-
brane,

wherein

the varactor additionally provides a second movable mem-

brane;

the first movable membrane is arranged above an upper

side of the substrate; and

the second movable membrane is arranged below the lower

side of the substrate facing away from the upper side.

2. The varactor according to claim 1,

wherein,

the first actuator surface provides an electrically conduct-

ing connection to a first terminal of a direct-voltage
source;

the second actuator surface provides an electrically con-

ducting connection to a second terminal of the direct-
voltage source; and

a direct voltage adjusted in the direct-voltage source is set

to form an electrostatic force on the first movable mem-
brane and on the second movable membrane.

3. The varactor according to claim 1,

wherein the first movable membrane provides a first

capacitor surface, and wherein the second movable
membrane provides a second capacitor surface.

4. The varactor according to claim 1,

wherein the first movable membrane and the second mov-

able membrane are embodied from electrically insulat-
ing material.

5. The varactor according to claim 1,

wherein the first movable membrane provides a first var-

actor terminal, and wherein the second movable mem-
brane provides a second varactor terminal.

6. The varactor according to claim 1,

wherein the substrate provides a third capacitor surface,

and the substrate provides a third varactor terminal.

7. The varactor according to claim 1,

wherein a capacitor surface and a second actuator surface

are embodied in each case on the first movable mem-
brane and on the second movable membrane, and
wherein the respective capacitor surface is arranged at a
distance from the actuator surface.

8. The varactor according to claim 1,

wherein the first movable membrane and the second mem-

brane are mounted in a movable manner through a fixing
at one end of the respective membrane.

9. The varactor according to claim 8,

wherein the distance between the second actuator surface

and the fixing of the respective membrane is smaller than
the distance between the respective capacitor surface
and the fixing of the membrane.

10. The varactor according to claim 8,

wherein the distance between the second actuator surface

and the fixing of the respective membrane is greater than
the distance between the respective capacitor surface
and the fixing of the membrane.

11. The varactor according to claim 1,

wherein the first movable membrane and the second mov-

able membrane are mounted through a fixing clamped in
the centre of the respective membrane.
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12. The varactor according to claim 1,

wherein the first movable membrane and the second mov-
able membrane are mounted through a fixing clamped in
each case at two ends of the membrane.

13. The varactor according to claim 12,

wherein the first movable membrane and the second mov-
able membrane each provide two second actuator sur-
faces,

wherein a capacitor surface is arranged in each case
between the two second actuator surfaces.

14. The varactor according to claim 1,

wherein the first movable membrane and the second mov-
able membrane provides a tapering in the region of a
fixing.

15. The varactor according to claim 1,

wherein a capacitor surface and a second actuator surface
are embodied in each case on the first movable mem-
brane and on the second movable membrane, and
wherein the distance between the respective capacitor
surface and the substrate is smaller than the distance
between the second actuator surface and the substrate.
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16. The varactor according to claim 1,

wherein a capacitor surface and a second actuator surface
are embodied in each case on the first movable mem-
brane and on the second movable membrane, and
wherein the distance between the respective capacitor
surface and the substrate is greater than the distance
between the second actuator surface and the substrate.

17. The varactor according to claim 1,

wherein a capacitor surface and a second actuator surface
are embodied in each case on the first movable mem-
brane and on the second movable membrane, and
wherein the respective capacitor surface provides a size
different from the second actuator surface.

18. The varactor according to claim 1,

wherein a capacitor surface is embodied in each case in a
different size on the first movable membrane and on the
second movable membrane.

19. A varactor system with at least two varactors according

to claim 1,
wherein all varactors are connected in parallel.
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